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SUMMARY

. An investigation was conducted in an altitude test chamber at the

H NACA Lewis laboratory to determine the altitude starting characteristics

¢ of an afterburner with autoignition and with hot-streak ignition.
Transient afterburner ignition data were obtained over a range of alti-
tudes from 30,000 to 50,000 feet at a flight Mach number of 0.60.

Afterburner ignition with a torch igniter located axially at
approximately the midpoint of the combustion chamber was possible over
the entire altitude range, but ignition with a torch igniter located in

the transition section lg inches upstream of the turbine stators proved

unsatisfactory at an altitude of 50,000 feet due to the inability to
obtain flame through the turbine. Increasing the afterburner-inlet
total pressure at a constant afterburner fuel-air ratio decreased the

§ afterburner ignition time. Hot-streak ignition was possible within

2 seconds after the time required to obtain the preset, normal after-
burner fuel pressure, whereas autoignition required from 4 to 7 seconds
for the range of altitudes investigated. Following ignition there was
a period of oscillatory operation existing in the engine-afterburner

: before steady-state stable operation was attained. The time required to
. obtain steady-state operation decreased as afterburner-inlet total pres-
sure increased. The duration of oscillations also decreased with hot-
streak ignition because the fuel-air mixture was ignited before a large
volume of combustible mixture was accumulated in the afterburner.

INTRODUCTION

Ignition of the fuel-air mixture in an afterburner of a turbojet

b engine at altitude has often proved to be a difficult problem to solve.
Electrical ignition has not proven satisfactory because of the unrelia-

E bility of such systems (ref. 1). For example, the use of a spark igni-

i N tion system requires that some of the components be mounted in the

*Mr. Harvey, of ARO Inc., is on assignment to the NACA Lewis
laboratory.
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high-temperature regions associated with afterburner operation. In
addition to the need for reliability of the ignition system, it is
essential that the pilot of a combat airplane be able to obtain after-
burner ignition almost instantaneously upon demand.

In an effort to improve afterburner starting characteristics and
to decrease the time required for ignition, the investigation reported
herein was conducted in an NACA Lewis altitude chamber on an axial-flow
turbojet engine with an afterburner. Each afterburner start was con-
sidered to be composed of two time intervals. The first was the inter-
val from the time the throttle was advanced until ignition occurred,
and the second was the time interval between ignition and the attainment
of stable operation. The altitude starting characteristics of the
afterburner were determined and transient fuel flow and pressure data
were obtained for both the engine and afterburner. The ignition char-
acteristics were investigated with autoignition and with each of two
hot-streak-ignition systems over a range of altitudes from 30,000 to
50,000 feet at a flight Mach number of 0.60.

The ignition data reported herein were obtained for two after-
burner configurations. Autoignition data are included for both con-
figurations and hot-streak-ignition date, for only one. The principle
differences between the two configurations was an alteration of the
radial afterburner-fuel distribution and the addition of turbine-
outlet straightening vanes.

APPARATUS
Engine-Afterburner

The turbojet engine and afterburner used in this investigation
are shown schematically in figure 1. The engine has a 1l2-stage axial-
flow compressor, 8 tubular combustion chambers, and a single-stage
turbine. The primary components of the afterburner are a diffuser, a
fuel-injection system, a 2-ring V-type flameholder, a combustion cham-
ber, and a clamshell-type variable-area exhaust nozzle. The diffuser
is approximately 39 inches long with a 13.5-inch diameter depressed
flame seat in the downstream end of the diffuser inner cone. The
flameholder is mounted at a position 5 inches downstream of the dif-
fuser. The distance from the flameholder to the nozzle outlet, about
68 inches, includes the burning section and the variable-area exhaust
nozzle.

The basic afterburner configuration was used for obtaining the

starting data reported herein, but the fuel-distribution system was
modified and straightening vanes were added at the turbine outlet during

SECURITY INEIMATINY
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the investigation. These changes were made in an attempt to improve
the performance and operational characteristics of the afterburner.

The fuel system for configuration 1 consisted of 19 fuel-spray
bars circumferentially located as shown in figure 2(3). The unequal
circumferential spacing of the fuel-spray bars was imposed by the sup-
port struts for the inner cone and the fuel line to the internal fuel
manifold which were located in the same axial plane. The 20 fuel
spray bars used in configuration 2 (fig. 2(b))} were located at equal
circumferential spacings 4 inches downstream of the original bars. In
addition, configuration 2 had turbine-outlet straightening vanes.

Electronic Control

The primary purpose of the electronic control system is to maintain
optimum engine operation for any setting of the thrust selector. Opti-
mum operating conditions scheduled into the control were determined
from known performance, operational, and safety characteristics for any
given operating condition during both afterburning and nonafterburning
operation. The parameters that the electronic control senses are:
engine speed, engine-inlet temperature, compressor-outlet static pres-
sure, turbine-outlet temperature, and thrust-selector position. The
parameters that the control regulates are: engine fuel flow, after-
burner fuel flow, and exhaust-nozzle area. A block diagram of the con-
trol and engine is shown in figure 3.

The manner in which the control operates is as follows: A thrust-
selector position defines a certain engine-afterburner condition. If
the thrust selector position is between 0° and 920, the afterburner is
inoperative, and if the selector position is between 92° and 1100, the
afterburner is operating at various thrust levels. As the thrust
selector is advanced through the nonafterburning region, the fuel-flow
and the nozzle-position schedules of the control are set to allow rapid
acceleration of the engine at low turbine-outlet temperature up to
rated engine speed. The exhaust nozzle then closes to bring the turbine-
outlet temperature up to the rated value, while an overspeed governor
maintains rated engine speed. Advancing the thrust selector into the
afterburning region opens the afterburner fuel valve, permitting fuel
to enter the afterburner. Following ignition of the afterburner fuel-
air mixture, the control starts to open the exhaust nozzle to the
required area so as to maintain turbine-outlet temperature at the rated
value.

SECURITY INFORMATION
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Installation

The altitude test chamber in which the engine was installed is
10 feet in diameter and 60 feet in length. The test chamber is divided
into three sections separated by bulkheads: the air-inlet section, the
engine compartment, and the exhaust section (fig. 1). The front bulk-
head, which incorporated a labyrinth seal around the forward section
of the engine, allowed freedom of movement of the engine in an axial
direction. The rear bulkhead was installed to act as a radiastion
shield and to prevent recirculation of the hot exhaust gases about the
engine. The engine was mounted on a test bed which allowed the
measurement of steady-state thrust.

Instrumentation

Steady-state instrumentation. - The locations of the instrumenta-
tion stations hefore and after each of the principle components of the
engine are shown in figure 1. Fuel flow was measured by rotameters
which were calibrated for the type fuel used in this investigation
(MIL-F-5624A grade JP-4).

Transient instrumentation. - Transient measurements of engine
speed, nozzle position, engine fuel-valve position, afterburner fuel-
valve position, and compressor-outlet static pressure were transferred
directly from the electronlc control to the recording instrument.
Transient instrumentation was installed to measure turbine-outlet tem-
perature, afterburner skin temperature, thrust-selector position, a
local gas temperature in the burning region, and increases in after-
burner fuel-manifold pressure, afterburner fuel flow, and torch-igniter
fuel pressure. The local gas temperature was used to obtain an indica-
tion of burner ignition and the relative rise in temperature near the
afterburner shell for the various operating conditions.

The film recording instrument was an 18-channel oscillograph. The
engine-afterburner parameters and the means of measurement for both
transient and steady-state operation are listed in table I.

Torch Igniters

The installation of the torch igniters used in this investigation
and the assoclated instrumentation and controls are shown in figure 4,
With torch igniter A (fig. 5(a)), fuel was injected into an engine
combustion chamber in sufficient quantity to approximately double the
fuel-air ratio in that chamber. Fuel flow to the igniter was regulated
by a needle valve placed in the fuel supply line in order to obtain the

CONFIDENTIAL
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desired flow. With torch igniter B (fig. 5(b)), a fuel-air mixture was

injected into the transition section l% inches upstream of the leading

edge of the turbine stators. The fuel was mixed in the injector with
air taken in between the transition liner and the casing assembly.

Fuel flow to torch igniter B was regulated by a metering orifice in the
base of the igniter. A 0.046-inch-diameter orifice approximated the
flow obtained with torch igniter A.

PROCEDURE

The engine-inlet total temperature and total pressure and the
exhaust static pressure were set to simulate the desired altitude and
flight Mach number condition before each attempt to ignite the after-
burner. At this simulated flight condition, a set of steady-state
nonafterburning performance data was taken on both the transient
recorder and the steady-state instrumentation with the engine operating
at rated speed, 7950 rpm, and rated turbine-outlet temperature, 1300° F.
Transient data were then recorded during a series of afterburner igni-
tion attempts. During this investigation, the afterburner fuel schedule
was removed from the electronic control and by use of a potentiometer
any desired fuel flow could be preset for the 110° thrust-selector
position.

A hot-streak ignition run consisted in scheduling the afterburner
fuel flow, manually advancing the thrust selector from 92° to 1100,
turning on fuel to the torch igniter for approximately 1 second after a
predetermined time delay, and allowing a steady-state operating condi-
tion to be reached. The minimum ignition time was determined by pro-
gressively decreasing the time delay between advancing the thrust
selector and operating the torch igniter. The minimum was taken as the
point at which ignition would be impossible if the time delay in supply-
ing fuel to the torch igniter was decreased an additional 0.5 second.
At leagst three afterburner ignitions were made with corresponding time
delays in order to establish the minimum ignition time. Knowing this
time made it possible to obtain representative starting data with a
minimum number of transient recordings.

The procedure followed in making an autoignition attempt was merely
the advancement of the throttle after prescheduling the desired after-
burner fuel flow and allowing a steady-state operating condition to be
reached following the spontaneous ignition of the fuel-air mixture.
Autoignition data were obtained on afterburner configurations 1 and 2,
but hot-streak ignition data were obtained only on configuration 2.

CONFIDENTIAL
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After the transient data were recorded, a set of steady-state
afterburning-performance data was obtained on both the transient
recorder and the steady-state instrumentation. The steady-state data
were taken so as to provide a means of determining the variation in
magnitude of the various quantities recorded by the oscillograph film
traces.

RESULTS AND DISCUSSION

Time-history traces were obtained for 13 engine and afterburner
parameters during afterburner ignition attempts at altitudes of 30,000,
40,000, and 50,000 feet at a flight Mach number of 0.6. Examples of
these film traces that illustrate autoignitions at altitudes of 30,000
and 50,000 feet are presented in figure 6. For the part of the investi-
gation during which autoignition was studied, traces 10 through 13 were
not in use.

Inspection of the film traces shows the existence of a time inter~
val between advancing the throttle and obtaining ignition and a period
of oscillatory operation of the engine-afterburner following ignition.
The oscillations following ignition are caused by the interaction of
the multiloop control in conjunction with the engine behavior. The
sequence of events occurring in the engine-afterburner and the elec-
tronic control during ignition and stabilization of burning is as
follows: The fuel-air mixture in the afterburner lgnites while the
exhaust nozzle 1s in a closed or nonafterburning-operation position.
Because the exhaust nozzle is closed, the back pressure in the tail
pipe increases, raising the pressure level through the engine and tend-
ing to decrease the engine speed. The control, sensing the increase
in compressor-outlet static pressure and the decrease in engine speed,
starts to increase the engine fuel flow. This increase in engine fuel
flow, along with the increase in pressure level at the turbine outlet
and the decrease in speed, tends to drive the turbine-outlet tempera-
ture over the limiting value. The over-temperature condition feeds an
error signal into the control causing the exhaust nozzle to open.
Because the temperature-error signal is large, the nozzle starts to
open very rapidly decreasing the pressure level in the afterburner.
This decrease in afterburner pressure level in turn decreases the
compressor-outlet static pressure which causes the control to cut-back
the engine fuel flow. Both the increase in nozzle area and the decrease
in engine fuel flow cause the turbine-outlet temperature to decrease
rapidly and thus reduce the temperature-error signal to the control.
The signal reduction causes the control to stop opening the nozzle and,
in some cases, to actually start closing the nozzle before the required
area is obtained; the turbine-outlet temperature is driven over the
limit and the cycle is again repeated but with diminishing magnitude.

CONFIDENTIAL
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The cycling is continued until the desired nozzle area is reached and
the length of time of this oscillation is dependent upon the pressure
level at which the engine-afterburner is operating. The magnitude of
the oscillation, as well as the time for each cycle, increases as the
pressure level in the afterburner is decreased.

Afterburner Ignition Characteristics

Time required for ignition. - Autoignition data were obtalned on
afterburner configurations 1 and 2; hot-streak ignition data were
obtained only on configuration 2. Because the principal change between
the two afterburner configurations consisted in altering the afterburner
fuel-spray bars, the autoignition characteristics of configuration 2
were checked against those of configuration 1. At similar flight con-
ditions and afterburner fuel flows, the afterburrer ignition time and
the time for stable operation were in good agreement for the two con-
figurations.

It was logical to assume that afterburner ignition would not be
obtainable until sufficient fuel had been supplied to provide a com-
bustible fuel-air mixture in the afterburner. The time required to
attain this condition was dependent upon the time required for fuel to
fill the fuel lines and the afterburner manifold. The afterburner fuel
was supplied by a turbine pump operating on compressor-outlet bleed
air. A measure of the time delay in obtaining fuel flow can be had by
observing the time required for the afterburner fuel-manifold pressure
to reach the normal value for the preset steady-state condition
(fig. 7). As the afterburner fuel-air ratio (defined as the ratio of
afterburner fuel to the unburned air entering the afterburner) increased
or altitude decreased, the time required to reach normal afterburner
fuel pressure decreased. For an afterburner fuel-air ratio of 0.04,
above which the decrease in fuel pressure-rise time with increasing
fuel-air ratio was less pronounced, the time required for afterburner
fuel pressure to reach the preset value increased from about 2 seconds
at 30,000 feet to about 6 seconds at 50,000 feet. The increase in
afterburner fuel-pressure-rise time as fuel-air ratio decreased or
altitude increased was due to less fuel being scheduled to the air-
turbine pump to fill the volume of the afterburner fuel-manifold system.
The acceleration rate of the air-turbine pump also decreased as alti-
tude increased, because the mass flow of air through the pump decreased
while the pump rotor inertia remained constant. Therefore, the increased
time required for the pump to reach rated speed also contributed to the
time required to fill the afterburner fuel-manifold system.

The effect of afterburner fuel-air ratio on afterburner ignition
time is shown in figure 8, with ignition time being defined as the

CONFIDENTIAL
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elapsed time from the instant the thrust selector was advanced to the
instant ignition of the fuel-air mixture in the burning section occurred.
Data are presented for autoignition and hot-stresk ignition with torch
igniters A and B at altitudes of 30,000, 40,000, and 50,000 feet. The
curves for time required to reach normal afterburner fuel pressure as
shown in figure 7 are superimposed on figure 8. For both types of
ignition, the afterburner ignition time decreased at all altitudes as
fuel-air ratio was increased. Each afterburner ignition presented in
figure 8 represents the minimum ignition time obtained during a series
of ignition attempts at a preset afterburner fuel flow. The ignition
characteristics with hot-streak ignition proved superior to those with
autoignition at all altitudes. The minimum time for hot-streak igni-
tion following the attainment of the preset fuel-pressure value varied
from approximately 1 second at 30,000 feet to 2 seconds at 50,000 feet,
whereas the minimum times for autoignition were 4 and 7 seconds at
30,000 and 50,000 feet, respectively, over the range of fuel-air ratios
investigated. As was previously mentioned, the time required for after-
burner fuel pressure to reach the preset value lincreased from about

2 to 6 seconds as the altitude was increased from 30,000 to 50,000 feet
for a fuel-air ratio of 0.04. It is therefore obvious that the major
portion of the time required to obtain ignition with a hot-streak sys-
tem is consumed in filling the manifold with fuel.

At 30,000 feet, the minimum ignition time was attained for torch
igniter B. Torch igniter B, because of its position, apparently pro-
duced a core of flame through the turbine; whereas torch igniter A
allowed the flame more time to fan out and thus decreased its localized
intensity. This decrease in flame intensity required an increase in
the time to obtain an optimum localized fuel-air ratio for ignition.
The ignition times for torch igniters A and B were approximately equal
at 40,000 feet but only torch igniter A produced satisfactory hot-
streak ignition at 50,000 feet. The failure to obtain ignition with
torch igniter B at 50,000 feet was due to the inability to obtain flame
through the turbine. Increasing the orifice size of torch igniter B
to 0.0625 inch and then to 0.109 inch, which approximately
tripled the fuel flow, did not improve the ignition properties
obtained with the 0.046-inch-diameter orifice, and ignition was still
impossible at an altitude of 50,000 feet. With orifice diameters of
0.018 or 0.0225 inch, afterburner ignition was impossible with
igniter B at any altitude within the range investigated.

In an effort to improve afterburner ignition with torch igniter B
at 50,000 feet, its location in the transition section was moved
3 inches upstream and subsequent data were obtained at altitudes of
40,000 and 50,000 feet. With this new location, flame was obtained
through the turbine and the afterburner ignition times for torch
igniter B corresponded to the ignition times obtained for torch

CONFIDENTTAL
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igniter A at both altitudes. It is therefore apparent that, with the
original location of torch igniter B, the time the hot-streak fuel-

alr mixture was in contact with the flame of the engine combustion
chamber at high altitude was not sufficient for ignition of the after-
burner fuel-air mixture. Because the ignition times with torch igni-
ter B moved upstream were only obtained by use of a timing instrument
and not recorded on oscillograph film traces, the data are not presented
in this report.

When only the pressure level wag considered, reducing the
afterburner-inlet total pressure at a constant afterburner fuel-air
ratio increased the ignition time with both types of ignition investi-
gated (fig. 9). The lines of constant afterburner fuel-air ratio were
determined by cross-plotting the data presented in figure 8. This
increase in ignition time becomes more evident below an afterburner-
inlet total pressure of 1100 pounds per square foot absolute which
corresponds to engine operation at rated conditions at an altitude of
approximately 40,000 feet and a Mach number of 0.60.

Time required for stable operation. - The effect of afterburner-
inlet total pressure on the time required for stable operation follow-
ing ignition is shown in figure 10. Data are presented in this figure
for an approximately constant afterburner fuel flow at each altitude;
these fuel flows resulted in afterburner fuel-air ratios of 0.31, 0.30,
and 0.40 at altitudes of 30,000, 40,000, and 50,000 feet, respectively.
Increasing the afterburner-inlet total pressure or decreasing the
altitude decreased the duration of oscillations in the engine-afterburner
for both types of ignition investigated. The time for stable operation
is defined as the elapsed time from ignition to the attainment of final
steady-state operation.

The oscillations are a result of the interaction of the multiloop
control in conjunction with the engine behavior. The period of oscil-
lation depends on the time constant of the engine as well as the
control-system constants. This time constant is a measure of the speed
response of the engine to the disturbances in input variables and 1s
equal to the inertia of the engine rotor divided by the change in
torque for a given change in engine speed. Consequently, because the
moment of inertia of the rotor is constant and the torque decreases
with decreasing density, the time constant increases with altitude.
Therefore, as the pressure level at which the afterburner is operating
is reduced, the period of each oscillation, and thus the duration of
the oscillations 1s increased.

The duration of oscillations was a minimum for hot-streak ignition

at all afterburner pressure levels. As the afterburner-inlet total
pressure increased from 650 to 1700 pounds per square foot absolute,
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the time required for stable operation decreased from approximately
17 to 7 seconds for hot-streak ignition and from about 49 to 9 seconds
for autoignition. This decrease in oscillation time with hot-streak
ignition was due to lgnition beilng attained before a large quantity of
combustible mixture was accumulated in the afterburner and resulted in
a more steady progression of flame.

Operational Characteristics

Dependable operation of the hot-streak fuel shut-off valve over
the entire altitude and fuel pressure range is an essential require-
ment, because failure of this valve to close would mean a possible
engine failure due to flame impinging on the turbine stator. The loca-
tion of the igniter in the combustion zone must also be carefully
chosen in order to obtain reliable afterburner ignition over the entire
altitude range. In addition to the axial position of the igniter, the
circumferential position should be so selected that flame does not
impinge on a control thermocouple, and thus feed a false signal to the
electronic control.

A failure of the fuel shut-off valve to close during a check run
on torch igniter A resulted in several small cracks in the turbine
stators directly downstream of the igniter. The cracks were not ser-
ious enough to warrant replacing the stators but the torch igniter was
moved to an adjacent engine combustion chamber. Following this investi-
gation, during which approximately 230 hot-streak ignitions were made,
another inspection revealed no further deterioration of the engine-
afterburner because of hot-streak ignition.

CONCLUDING REMARKS

For afterburner ignition attempts at altitudes of 30,000, 40,000,
and 50,000 feet at a flight Mach number of 0.6, afterburner ignition
time decreased as afterburner fuel-air ratio increased, and ignition
with a torch igniter located axially at approximately the midpoint of
the combustion chamber was possible over the entire altitude range.
Tgnition with a torch igniter located in the transition section

1% inches upstream of the turbine stators proved satisfactory at alti-

tudes of 30,000 and 40,000 feet, but unsatisfactory at an altitude of
50,000 feet due to the inability to obtain flame through the turbine.
This unsatisfactory condition was corrected by so locating the torch
igniter in the combustion zone that the hot-streak fuel-air mixture
had sufficient time in contact with the flame of the engine cambustion
chamber and was burning before it reached the turbine.
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Increasing the afterburner-inlet total pressure at a constant
afterburner fuel-air ratio decreased the afterburner ignition time.
The transient afterburner ignition data indicate that ignition was
impossible until afterburner fuel-manifold pressure reached the approx-
imate normal value for the preset steady-state condition. The time
required for afterburner fuel pressure to reach the preset fuel pres-
sure value decreased as the afterburner fuel-alr ratio increased or
altitude decreased. Hot-streak ignition was possible within about
2 seconds after the time required to attain the preset afterburner fuel
pressure, whereas autoignition required from about 4 to 7 seconds
following this increased fuel pressure for the range of altitudes
investigated.

Following ignition there was a period of oscillatory operation
existing in the engine-afterburner before steady-state operation was
attained, and the time required for stable operation decreased as
afterburner-inlet total pressure increased. Increasing the afterburner-
inlet total pressure from 650 to 1700 pounds per square foot absolute
decreased the time required to reach stable operation of the engine-
afterburner following ignition from about 17 to 7 seconds for hot-streak
ignition and from about 49 to 9 seconds for sutoignition. The decrease
in duration of oscillations with hot-streak ignition was due to the
fuel-air mixture being ignited before a large volume of combustible
mixture was accumulated in the afterburner.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio
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TABLE I. - INSTRUMENTATION W
Trace| Measured Steady-state Translent
quantity instrumentation instrumentation

l Engine speed

Chronometric tachometer

Rectified voltage from
tachometer; a-c gen-
erator

2 Turbine-outlet
temperature

Average of 24 individ-
ual thermocouples
connected to self-
balancing poten-
tiometer recorder

One chromel-alumel ther-
mocouple located

l% inches downstream
of turbine

3 Exhaust-nozzle
position

Voltmeter (0° to 50°)
in nozzle actuator
circult

Fotentlometer connected
to nozzle actuator

4 Engine fuel-valve
position

Voltmeter (0° to 50°)
in engine fuel-valve-
actuator circuit

Potentiometer connected
to englne fuel valve

5 Afterburner fuel-
valve position

Voltmeter (0° to 50°)
in afterburner fuel
valve actuator cir-
cult

Potentiometer connected
to afterburner fuel
valve

6 Compressor-outlet
static pressure

Vented pressure and one
wall static tube

One wall statlc tube
and pressure sensor
potentiometer

7 Afterburner-skin
temperature

Five individual skin
thermocouples on self-
balancing potentiom-
eter recorder

Five individual rivet-
type skin thermocouples
connected in parallel

8 Thrust-selector
position

Manual (0° to 110°)

Potentiometer connected
to thrust selector

9 | Exhaust-gas tem-
perature

Three chromel-alumel
thermocouples at
station 7

Individual chromel-alumel
thermocouple located at
station 7

10 Afterburner fuel
flow

Calibrated rotameter

Differential pressure
pickup and transmitter

11 Afterburner fuel-
manifold pres-
sure

Pressure pickup and
transmitter

12 | Torch-igniter-A
fuel pressure

Pressure pickup and
transmitter

13 Torch-igniter-B
fuel pressure

Pressure pickup and
transmitter
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Fuel-spray bars

° . . . D)

Diffuser inner body

(a) Original fuel bars used in afterburner configuration 1. Annular passage
heigth, 61- inches. All orifices 0.020 inch.

16

Fuel-spray bars

i

aan]

Orifice
diameters,
in.

31
—— — >
. B
415
29
55
3
27 8
23-2- >
5 .
- ZTS-
25
~————— 15—
1l
23
' 32"’]
N
; ® o L J [ ] [ J ® ® [ ] )

! .028 .020 .020 .020 .020 .0225 .024 .028 .028
N
»

NNACA

(b) Modified fuel bars used in afterburner configuration 2. Annular passage
heigth, 7 inches.

Fi 2. - Sketches of afterburner fuel-spray bars for two afterburner fuel systems.

All dimensions in inches.)

CONFIDENTIAL

LBLC

e s b




Vo]
—~

CONFIDENTIAL

NACA FM 153B0Z2

M,
A\

>e)

- ToIquoo BuT48IBIGUT OTUOIFOSTD JO WBIBBIP HOOTA POTITTAITIS - *¢ 3InB1Jd

P

I03@n30®
aTzzou-3ap >

- T

sufpi1due pus

AN

)
o

CONFIDENTIAL

X0309T98

/ | > N Q\ - —t JI939WOYOBT,
/ )
L - a— - L - L _ l..P
Tong %ﬂo amssaad 3a8T3ano
\] TOJ3U0d V.\lll.h. fmﬁo..ns.a ~-Jossgaxdwmo)
| orTE Y TOI3UOD
I Tea-Tang{| aATBA-Tang autdug|!
| xauxngxey Iy L === == aangexadway
e e e 7! | .- qeTuT-Jossaxdmo)
—— — “ [ o
THRL —
T e
zamod pTIq0oTH—»—| JI9TFTTdWE
TOox3u0) - -
paads aurdud

L8Le

3snayy,




—— ..

16 CONFIDENTIAL NACA RM ES53B02
Solonoid
vglye Pressure Combustion
pickup chamber
Needle /l ‘\\
valve ‘ \
|
' !
Afterburner ——{ V4 > : :
fuel manifold -> \ i .
'
Filter “ \1 :
and shut- 1
Torch (
off valve igniter A i :
| I
| |
| |
> Orifice and : :
torch
Solonoid |
valve igniter B 1 /)
Pressure : / .
A pickup i/
: 1 ( Transition
: | liner
\ .
By |
>

Afterburner-air
turbine pump

CONFIDENTIAL

A

Figure 4. - Installation of torch igniters A and B, and associated instrumentation.
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Cambustion chamber liner— Air flow

r—

(a) Torch igniter A.

5"
1 5 Fuel
oA [—1 —Turbine stators
) / Metering orifice
Transition LeA —Turbine 1

section

/-— Casing assembly

# oS

Transition liner

=

Fuel-air mixture

. Section A-A W

(v) Torch igniter B.

Figure 5. - Details of torch igniters A and B,
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3 Altitude,
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Afterburner fuel-air ratio,

Unburned air

Figure 7. - Effect of afterburner fuel-air ratio setting on time required
Flight Mach number, 0.60.

to reach normal afterburner fuel pressure.
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Afterburner ignition time following throttle burst, sec
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Figure 8. - Effect of afterburner fuel-air ratic and altitude on afterburner ignition
Flight Mach number, 0.60.

time.
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(c) Torch igniter B.

Pigure 9. - Effect of afterburner-inlet total pressure on afterburner ignition time. Flight
Mach number, 0.60.
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Time for stable operation following ignition, sec
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Figure 10. - Effect of afterburner-inlet total pressure on time required for stable
operation following ignition. Flight Mach number, 0.60.

CONFIDENTIAL

NACA-Langiey - 4-6-83 - 339




PR ——

——

TVLLNIJIANOD

W

20453 WH VOVN “Al

(1340) uo)Burysem ‘VOVN Wolj ajqeurngo sajdo)

paaoad sI0jel8 3urqany ay) jo weaaysdn sayouy g/¢-|
UOT}038 UOTIISURI) 3Y) U] payedo] U3 yoao} © PImm
uonudy Inq ‘a8uea IpNINITE JITIUD Y} J3A0 Aqissod

TVILN3AIINOD

209€S3 WH VOVN

‘Al

uoBuryEE ‘VOVN WoJj dpqeureqo sapdod

paaoxd sioyeis aujqan) ayy Jo weaxgdn sayouy g/g-1
UOT}938 UOTNBUEI} Y} UY patedo] JAUSY yo10) € @i
uonpudy Ing ‘aBuva IpNITIre AITWI IY) 1340 Iqyesod

(1940)

H twﬁﬁm ‘uasuef III fem JaqUITYd uoysnqwod ayj} jo jujodpiw ay) Aejew L Wewwmy ‘uasuef 11 Sem JaqUIPYD UOHISNqUIOD Ay Jo ytodprw Yy Ljayewt
‘M Aeg ‘AoareH ‘TI ~-mxoadde ye A[Tepce pajedo] 1a)udl YoIo} € yjm uoy) ‘18 ‘'m Keyg ‘AsareH ‘M ~-rxoxdde ye Arrence pajesoy 133fuBy Yoo} ® YA uonl
d med ‘seuay I -judy JP2UINQIAYY 09 ‘0 JO Jaquunu ydoeW 3y € Je ‘d med ‘seudd 1 -ugy J2UANGIANY 09 "0 JO Jaquunu yoel A € e
7°21°E) 193] 000 ‘05 ©) 000 ‘0f WO0J] SIPNITE JO dJued € IIA0 (Z°21°¢) 1933 000 ‘0S 01 000 ‘0C WOJ] s8IpnIITE Jo IBUes € J1340
swasig uonyuld] 9 paureiqo aIam ejep uoyuldy JauInqiajje JuIjsue ] swaysfs =o§=u~ 9 pauTeIqo 319 BIEP UOTITUBT IIUINGIIJE JUIISUBL L
2°2°S°E) sauydug ‘uontudy YLaIIs-10Y Y)iM pue uorjjudiome yjim Jauanq (z'2'c'¢g) sauydug -‘uoyITUB] YeadIs-10y Yim pue uopudiome YA Jauanq
autgan], - uopysnquiod G -J3jJe ue JO 8I1381I3)oBIRYD BuriIe}s Ipniire aY) aulqIng, - uoysnquop ‘g - 1I3)Je ue Jo sdyIsiIaloeIeyYd BuglIe)s apnifiTe Ay
712°e°e) Bujuang JUTWII}BP 0) AJOJes0qe ] SIMI'T VIOVN aY) je Jaqureyd (z'z2's°¢) Buuang auTW IR 0) L10jeroqe ] SIMdT VOVN 3y} j& Jaquureyd
19yV - 8D ‘sauiqin], ¥ 182) IpNI[ITE UL U] PA}ONPUOD Fem UoTIed(IsdAul uy -19)JV - seH ‘saurqInl °p 199} IpNJLITe UL U} PAJINPUOd sem uoyjediisdauy uy
2T°E) j9foqany Z'z2°¢) 1efoqan],
- Joamo) ‘sauBuy ‘g TVILNIALINOD (2096Sd WH VOVN) ‘qey ‘ “sojoud - fonuo) ‘sauiduy ‘g TVILNIALINOD (209€SH WM YOVN) -qed ‘ ‘soyoud
£1CE) ‘-gaferp -dgz -ge6l TIIdy ‘uasuer I ‘J pue IS (e°'1°¢) ‘-gaderp ‘dgz ‘gG61 Mady ‘-uasuer "L “J pue ‘1§
Pfoqiny, ‘sandug -2 ‘AaareH ‘M ‘M ‘seudy ‘d 'd “NOLLINOI IVIULS jofoqun], ‘seurdug -7 ‘AoareH ‘M 'H ‘seudy " ‘d "NOLLINDI MVIUILS
+1) -LOH NV NOILINDIOLNV HLIM HINUNGHI LIV v -LOH ANV NOILINDIOLNV HLIM HINUNGHILIV
soureudpoIay reurapy -y NV JO SOILSTHALOVEVHD ONILYVIS 3anLILTV sojureudpoIay reusaj Y NV 4O SOLLSIMALOVHEVHD DNILYVIS IANLILTV
NOLLVISBOJNI ALISNOTS “851INTUOIAY 0] 2IPJWWO)) AIOSTAPY TEUOTIEN NOLLVINSOJNI ALIENOXS *SOTINEUOIIY 0] 3NNWWOD AJOSIAPY TeuoneN
TVLINAJIINOD 20desd WY VOVN TVILNIJIINOD T096ST WY VOVN
TVILNIQLINOD (a2a0) uoiBuTyseM ‘VOVN WO} J[qEuTEIqO 510D IVILLNAJIINOD (1340) uoyuiyse ‘VOVN Wos) aqeureigo sepdod
% paroad s10¥EI8 JuIqan) 3y) Jo ureaxisdn sayouy §/g-1 % pasoxd sJoyes aujqan) ayy jo ureaxigdn sayouy g/g-|
’ UOY}038 UOHIISUEI} 3y} UY PaTedo] J3)ull yoio) € Yia j UOY1238 UOHITSUEI]} Y] UT Payedo] Jajudy yosol e qim
204deSE WH VOVN Al uonyudy nq ‘aSuws apnIITe LU 3y 1340 aqissod 204eST WH VOVN “Al uopTuAY Inq ‘oBurs IPpMINITE AIIUS Y J3A0 Jqrssod
‘L teEEH ‘vaguer ‘M SeM JIqUITYD UOYSNqUIod 3y) Jo yujodpywr ay) A(arew "L tuEEN ‘uasuep III SEA JIqQUIEYD UOHIENqUWIOD ayy jo jujodprut ay) Ljayewr
I8 ‘"M Ay ‘AsareH I -xoxdde ye AJTeTXe pajedo] JajuBy Yoo} € Yipm uoy) ‘I8 ‘M Aey ‘KasxeH T -mxoadde je A[rence pajedsol JUB] Y210} € YA uony
‘d ed ‘seudy 1 -Wud1 JIUINQIANY 09 "0 JO JdquEnu yoew WBi|) € e ‘3 ed ‘seudd 1 -usy JuInqIAPY 09 "0 JO IIqUINU Yoepy I © e
2:21°¢) 193] 000 ‘0S 03 000 ‘0§ WOJ] SIPNINITE JO dJUeS B JI3A0 (z'z1°¢) 193] 000 ‘05 O 000 ‘0C WOJ] SIPNITITE JO dBues ¥ J3A0
swawis vopndl -9 pouTEIqe 319 YT UOHIUB] ISUINGISIE JUISUELL swashs vonmual 9 PIUTEIO 91IM EIED UONUB] JUINGIIYE JIISUEL],
72°2°6°¢) saupdug "uoryuB] Yealis-10y yiia pue uopTudione Yy Jauing (z2's°¢) sauyBug ‘uopjuB} Yeals-1oy YA pue uonuBiowe YA Juing
ulqang, - uousnquio) G -J3)Je ue JO 871ISTIdJOEIBYD Suniaels apnijire aypy AuUIqIN L, - uoyisnquiony °g -J31Je ue JO SIISIIIoeIEYD Sunaeis Ipninre I
2°2°¢°¢) Bupuanq uymIaep 0) L10Yei0qeTSIMIT VOVN 2Y) & Jaquieyo (z'2'¢°¢) Suypuanq auymWIaep 0} K107EJ0qEe T STAdTT VOVN 24} 1% Jaquueyd
13V - sen ‘sauiqanl ‘¥ 1833 IPNIITE U U] PIJONPUOD SEM UOTIESISaAUT UV -I3)V - s€H ‘sautqanl ‘¥ 183] 3pMTITE UR Ul PAJINPUOD seA UOTIEBTISIAUY UY
7°2°8) 1efoqan], (z'2°¢) jafoqany,
- Joamo) ‘sauiduy ‘¢ TVILNAALINOD (Z09£S3 WY VOVN) ‘qey * ‘sojoud - fonuo) ‘saufdug ‘g TVILNIALINOD (Z0desE WY VOVN) “qer “ “sojond
£1°g) ‘-gaferp -dgg ‘g6l Trady  cuasuer 'L "J pue ‘I§ (€°1°¢) ‘-waderp -dgg ‘g¢61 Hady  -uesver ‘1 “F pue ‘I8
jofoquny, ‘sautdum g ‘faaxeq "M "H ‘SsTUdd T 'd "NOLLINDI MVIAUILS wfoqiny ‘saurduy - ‘Aaarel "M "M ‘seudy ‘d ‘d "NOLLINDI XVIUIS
+°1) -LOH NV NOLLINDIOLNV HLIM HANUNGUILIV »1) -LOH GNV NOLLINDIOLNV HIIM HINYNEWA LIV
SOTureuApoIay reusdwy ‘1 NV JO SOLLSTHALOVEVHD ONILYVIS IANLILTV 8o1WeuApoJay reudal | NV 40 SOLLSIMILOVHVHO ONILNVIS AANLILTV
NOLLVISNOJINS ALIENDXS “S21INTUOIIY I0] IdNPTWWo) hh8~>v< TeuorieN NOLLVISWOJANT ALLINONS ‘S2INBUCIIY I0] 3 TUmo) hkg TeuoIeN
“IVLLNIALINOO 2046 WY VOVN TVILN3dIANOD 20ECST WY VOVN
=

A ks A3 e ATk A+ e«




TVLLNIJLINOD

NOLLVIVSOJNI ALNand3s
TIVILNIAIINOD

TVILNAJLINOD

NOLLVIGSOJINI LLIMNDIS
TIVLLNIQIINOD

uoyBuryseM ‘VOVN Wol) Iqeureqo saido)

*I3uINQqIIye ay) uy pajel

-NWNIJE SEM JINXTW I[GIISNQUIOD JO dWNJOA IJIe] ®
210J3q pajfuS] sEA IINIXTW ITE-[aN} Y} I8NELIIQ UOY)
-TuBy yeal1s-joy Y4 pasearddp Oosre SUCIIE([}I80 jo
uofyeInp YL, °pITeIIdUY 3Inssaxd 10} JPUL JAUING
-19)Je 8¢ pasealdap uopjerddo ajqels Iyels-Apeas
I0} paambad awy} ayy paurenE sea uojjerado ajere
-£peais a10Jaq J2UINQIIe-IuBud Y uy JunSXd
uoryerado A107e[(1980 jJO poraad © sea 313y} UoFuBy
Suimoriod -parESyisasu; sapmipIe Jo aduelx Ay 10§
Spuodde } 0} § Wwol} pasmbar uopuBone sLIIIYM
‘ainssaad [9n] Jauanqrae rewaou ‘jasaxd ay) ureiqo
0} paaynbag awry) 3y} JajFe gPUOIIL Z UNYIA A|qissod
sea uonyud) yealys-joH -duy) uopjuly IduInqIIYe
aY) pagEaIdIP OJJEI JTe-13N] JAUINQIIYE JUB)ISUOD

© Je aangsaad [2)10) PUT- JIUINGIAe 3Y) Buisesld
-ul -auUIqIN) AY) YBno1y) SWrey UTeIqo 03 ANTIqUUT
ay) 03 anp 333} 000 ‘0S JO IPMITE Ue Je L1030E)BIyESUN

20desd W VOVN

A e R P PRt 4y Serva b g en

TVLLNIAIINOD

el

NOLLVISNOJINI ALNINJES
TVILNIJLINOD

uoluTEsEM ‘VOVN Wolj J1qeufeqo sa1dod

-Jauanqiayge ayy uy pare|
-NUINJOE SEM JINIX|W I[qIISNqUIOD JO dWNIOA aBae] v
3J0J3q pajjudy sem INXTW ITe-[aN] AY) Ignedaq uoy

-TuBt YeaII8-10Y Y4 PISTIIOIP OBTE SUOTIEITOS0 JO
uorjeanp 3yl -paseatouy aIxnssard [¥)0) J9[Ul IUING
-13)Je se pasealddp uorrerado ajqels ayeis-Apears
J0J paInbal aury) 3yl -paurene sea uoyjerado ajels
-Apeals aiojaq IduINnqIajye-auidud ay ul Sunsrxa
uoyyexado £1oje[1o80 Jo poriad e sea axay) uorudy

Suimoriod -pajyedrisaauy sapmyife jo auex ay) 10j

Spuodas ), 0} § Woxj pasynbal uopyudione sBaIIYM
‘aanssaid [an} JauInqaajye fewsou ‘jasaxd ayy ureiqo
0} paxinbaa aury) ayj 13jye SpuUodAIs Z UryNA alqissod

Sem UONUBE Neaa)s-J0H "durp) uopud] JduInqIaye
aYy) paseaIdIP OfJLl ITE-[9N] JUINGIIE JUEISUOD
® j¢ aangsaxd 1e10} J2TUl-JaUINqIYe ay) Suyseaad
-u]  aujqan} ay) y3noly) aurey) ureyqo o) Ajmiqeuy

ay} 03 anp 133J 000 ‘06 JO IPNITITe Ue Je LI0joE)STIEsUN

Z0deSd WH VOVN

TVLLNIJLANOO

i

NOLLVINWOJNI ALIMNDAS
TVLINAAIINOD

uoyNSEM ‘VIVN Wolj ajqeurmgo satdo)

*J3UINGINE Iy Uy payey
-NUNJOE SEM IINXTW I[QISNQUIOD JO IWN[OA ajTel
3J0Jaq pauS] SeA 2INIXTW ITE-1aN] YY) ISNEIAq UOH
- U3y YeaI8-10Y YIIM PISEIIIIp ONTE SUOLIE[TIIN0 JO
uopyeanp ayl -pasearouy ainssaxd [e)o0) DU ISUINQ
-I3)Jw g€ pasea1daIp uopjeado aiqers jeys-Apear
JoJ pasinbax awipy 3y, -pIuTene sea uopesado NS
-£peajs aioJaq JauInqraye-aurduad A uy JuneXe
uotyesado A107e[[1980 JO pojaad € sea 1oy} uofuldy
Suimoriod  -paredysaau; sapnifIre jo alues ay)y J0)
SpUodIe L O} y WO} paanbas vonudjomne seaiaya
‘aangsaid 1an] JauInqlaye rewiou ‘Psaad ayy urexo
0} paJInbaJ JWIT) Ay} IJe Spu0IIS T UTYIA diqiseod
gem UOITUBY Yea1)8-10H -awy) uopuUB| JSUINQIIYE
ay) peseaIdIP OfI8I JTE-1aN] JIUINGIIYE JUTIPUCD

€ ¢ 2anseaxd €10} PUI-IIUINGIIYYE IY) Suiseadad
-u]  ‘aulqan) Yy yBnoay) aurey uyeIqo 0} AyTIqEy
3y} 0} anp 193] 000 ‘0S JO IPMTIE U je L10)IE)STIRGUN

204£S3 WH VOVN

UoIIITYS S, ‘VIVN Wosj 21quureiqo sapdo)

IJUINQIIYE Iy} Uy pare]

~NUINJIE STA IINXIW I[GIISNQUIOD JO awnjoa ajaer v
a10Jaq pajuBy FEM INNTW ITE-[aN] A ISNEIIq UOR
~u3y Ye3aII8-10U YilA pIsELIIdIp OSTE SUOLIE[IIISO JO
uotyeInp ayl ‘paseasduy axngsard rejo) PuT JauIng
-I19y)e s¢ pageasdsp uonjesado aiqels Iyeis-Lpears
J0] paamnbal awy) YL pIurElIE sEA UOjIEIIdD YN
-£Apeajs axojaq JduInqidye-auydud aqy uy FupisTxad
uojyeaado A1oje([ioso jo poriad ¥ sea aiay) uorjyuly
Fuimoriod  ‘pajediisaaut sepnifite Jo aduea ay) 103
Spuodag ), 0} y woJj paimbaa uopuBiome sEIIYM
‘aanggaad 1an) Jauinqidye rewaou ‘Peaad ag ureqo
0] pasynbaJg 3w} 3y Ja)e Spuodas T UM Jiqiesod
sem uOTUBY WLI1)8-10H -dwy) uoRIuBY IPUINGIIYE
ay) pagEaIIIP OfYel ITE-[aN] JNINGII|TE RLISUOD

€ e 3angsald 1210} JPul-JAUINQIYYe Iy} Suisessd
-ul  -suIqIN} Y} YSnoIJy} JWeEY UTEIQO 0) ANTIqE]
ay) 03 Inp 193] 000 ‘0S JO IPNIITE UL Je L10joEIsIyePuUn

T0desST WY YOVN




